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Introduction
Underwater vessels suffer from buckling due to hydrostatic pressure which reduces their load carrying capacity. Research on buckling of shells has been carried out over many years with particular attention to isotropic materials. Application of polymer composites for underwater vehicle structures can reduce their weight and expand the depth of operation. Materials for underwater vessels must not only be capable of withstanding very high external pressures, but also have other properties such as good resistance to corrosion as these vessels are operated at both shallow and deep sea conditions, high strength to weight ratio, good sound absorption qualities, formability, operating life span of the material and the like. Advantage of using fibre-reinforced composites over conventional materials is that they can be tailored to the requirements.
Polymer composites for underwater vessels have been examined in the recent research. Ross (2006) proposed glass/polyester for underwater vessels based on the influence of operating environment and material properties on their structural stability. Smith (1991) identified the areas of uncertainties in the behaviour of polymer composites including failure criterion when subjected to compressive stresses. Joung et al. (2004) performed numerical analysis of underwater vessels made of polymer composites. Generally, cylindrical structures subjected to hydrostatic pressure undergo reduction in their structural stiffness and hence show high deformation at the onset of buckling which is termed as unstable buckling. In such structures buckling directly leads to structural or partial failure. Therefore, buckling is considered as a critical design condition for the structure (Hur et al., 2008) . Carvelli et al. (2001) recommended a procedure for numerical buckling analysis of underwater vessels based on experimental studies under deep sea environment of a complete vehicle composed of cylindrical, conical and hemispherical components. The authors suggested consideration of mainly cylindrical shells for predicting critical buckling pressure by numerical analysis as they form the weakest part. Winding angle and sequence influence buckling of filament wound cylindrical structures, Morenoa et al. (2008) . Massager et al. (2002) optimized buckling capacity of thin cylindrical vessels using Genetic Algorithm and recommended ± 55 orientation based on the studies considering 30, 45, 60, 75, 90 orientations for polymer composites. Moreno et al. (2008) related the mechanical strength of filament wound vessels to the winding pattern of glass/epoxy cylinders exposed to external pressure and series of implosion tests were carried out in a hyperbaric chamber on cylindrical specimens of two pattern sizes and two wall thicknesses, made of continuous glass roving and epoxy resin. Messager (2001) developed an analytical buckling model for laminated cylinder subjected to external pressure by taking into account third order shear deformation theory and linear buckling theory. The model overestimated the buckling pressure but provides good sensitivity to lamination pattern. The analytical results were correlated with those of experimental and numerical analyses. Ross et al. (2008) reported experimental investigations of buckling characteristics of circular conical vessels made of isotropic material. The vessels tested under external hydrostatic pressure failed by plastic nonsymmetric bifurcation buckling or shell instability. Hur et al. (2008) simulated buckling phenomenon of moderately thick-walled filament-wound carbon/epoxy composite cylinders under external hydrostatic pressure for underwater vessels. All the analyses and tests proved that the cylinders collapsed after buckling as they did not recover initial pressure. Major failure modes in the tests were related to helical winding angles.
Review of literature on the buckling behaviour of polymer composite underwater vessels indicated that studies adopting static buckling and validation of experimental results with numerical and analytical approaches are scare. The main objective of this research was to examine the buckling performance of 10 mm and 15 mm thick glass/vinylester filament wound shells of underwater vessels subjected to hydrostatic loading by experimental, numerical and analytical approaches. The dimensions of the shell were selected based on a working model of underwater vessel employed for undersea explorations. Response of the shell under static pressure and critical buckling pressure based on Block Lancoz method was studied. Von-Mises stresses corresponding to applied pressure were computed analytically based on the experimental microstrains by Reduced Stiffness Matrix method.
Experiment

Filament winding
Glass fibres of 360 GSM and vinylester composite shells of 825 mm length, 175 mm internal diameter and 10 mm and 15 mm thickness were fabricated using filament winding at M/s Uniglass Industries Pvt Ltd, Bangalore. Optimised winding angle of ± 55 0 were used as per Massager et al. (2002) , for which hoop stress was reported twice the axial stress. Vinylester resin with Di Methyl Acetamide as promoter, Cobalt napthalate as accelerator, Methly Ethyl ketone peroxide as catalyst in the proportion 100:2:2:2 respectively were used for the specimens. Vinylester was used as matrix resin based on its superior chemical resistance in sea ambience. The cylindrical specimens and strain gauge positions are shown in Fig. 1 . and two strain gauges in longitudinal direction at 126 and 162 were mounted on the inner side at mid-length of the shells. The strain gauges were wired in a three cable configuration for connection to the strain indicator. The strain gauges were of resistance 350 ohm, length 5 mm and accuracy of gauge factor ± 0.3 ohm (Fig. 2) . A high precision, laboratory type digital display strain indicator (3800) was employed for strain measurement (Fig. 2 ). It features extremely wide range gage factor, balance, and bridge excitation controls. The resolution of the indicator was 0.1µ.
Fig. 2: Strain indicator
Assembling filament wound shell with flanges using polyurethane rubber
Polyurethane (PU) rubber was used as a seal between the cylinder and the flange to prevent oil leakage. The PU rubber was machined to suit the thickness of the shell. Fig. 3 shows the front and rear flange fixtures. Fig. 4 shows PU rubber and shell with flanges. 
Testing of shells for buckling
A custom designed buckling tester ( Fig. 5 ) was used to apply hydrostatic pressure on the shells. Initially, oil is pumped from the oil drum to the buckling chamber. Once the buckling chamber is filled with oil, it overflows to the oil reservoir. Outlet valve of the buckling chamber and the inlet valve of the pump are closed. Pressure in the chamber is increased by supplying oil from the power pack. Strains corresponding to the applied pressures are recorded. 
Experimental results
The circumferential and longitudinal strain responses of 10 mm thick shell are shown in Table 1 . Strains were used to determine the circumferential wave pattern of the shells. The strains were linear before the onset of buckling and changed suddenly around the buckling pressure as shown in Fig. 6 . Compressive strains in circumferential direction were larger than those in the longitudinal direction. The magnitudes of the circumferential strains ( Fig. 7 ) grew with increasing external pressure, eventually making a distinct wave pattern prior to collapse. Average of the four circumferential strains as a function of applied pressure is shown in Fig. 8 .
The shell experiences buckling due to hydrostatic pressure and hence fails. In polymer matrix composites the shells delaminate (Fig. 9 ) at the onset of buckling. In general, a cylinder-type structure under external pressure loses its structural stiffness and shows a large amount of deformation and hence high circumferential strain at the buckling point. The pressure-deformation curve showed a sharp drop after buckling which is termed as unstable buckling. It directly leads to structural or partial failure. Therefore, buckling is considered as a critical design condition for the structure. As buckling is the dominant failure criterion in shells subjected to hydrostatic pressure, its failure is characterized in terms of large circumferential strain.
Pressure-strain response was studied during loading and unloading of the shells of 15 mm thickness. The loading was limited to 16 MPa due the limitation of range of pressure in the tester. The circumferential and longitudinal strain responses are shown in Table 2 (Loading) and Table 3 (Unloading). Typical circumferential strain plots are shown in Fig. 10 and 11, As the external pressure increased, the magnitudes of the circumferential strains grew with increasing external pressure, eventually making a distinct wave pattern. Average circumferential strain versus applied pressure is shown in Fig. 12 , which showed that strains in both forward and reverse directions of loading were almost same indicating that the gauges were stable and the cylinder was still in the elastic region. Fig. 13 shows consistency in the strain gauge readings. 
Finite Element Analysis for Buckling
The orthotropic material properties of glass/vinylester composites considered for the Finite Element Analysis using ANSYS 10 are shown in Table 4 . In order to define the material properties of the laminate, effective properties of stacking ply were introduced based on classical laminate theory. Additional assumptions such as: i) macroscopically each ply is homogeneous, linear-elastic and orthotropic, and ii) resin matrix is homogeneous, linear elastic and isotropic were considered. Meshing was accomplished in ANSYS using free mesh by employing linear layered structural shell elements Quad shell 99, which allowed up to 250 different material layers with different orientations and orthotropic material properties in each of the layers. It has six degrees of freedom at each node. Quality parameters such as warpage, aspect ratio, skew angle, Jacobian, minimum and maximum angles were satisfied while meshing. The meshed model is shown in Fig. 14. The front end flange was assumed as fixed support and cap in the rear end was allowed to move in the axial direction. Thereby, the applied boundary condition in FEA was similar to that employed in the experimental studies as shown in Fig. 15 . Uniform pressure of 1MPa was applied on the external surface normal to the shell elements as shown in Fig.16 and pressure was gradually increased to obtain the buckling modes.
Linear buckling was performed in two steps. In the first step, a static solution of the structure was obtained. In the static analysis prebuckling stress of the structure was computed. The second step involved solving the eigenvalue problem to obtain the eigenvalue by Block Lancos method as given by Equation (1) which takes into account the prebuckling stress stiffness matrix [S] computed in the first step. (1) where [K] = stiffness matrix, [S] = stress stiffness matrix,  i = i th eigenvalue (used to multiply the loads which generated [S]) and ψ i = i th eigenvector of displacements. Once the eigenvalues are obtained, Critical buckling pressure (P cr ) was obtained using Equation (2): P cr = * P a (2) where P cr is the critical buckling pressure and P a is the applied pressure.
Results of FEA
Eigenvalues corresponding to buckling modes were obtained from ANSYS output file and Critical buckling pressure was calculated for 10 mm and 15 mm thickness by multiplying the obtained eigenvalue with the applied external pressure. Fig. 17 and 18 show 10 mm and 15 mm thick vessels respectively after buckling.
Stress Analysis of Composite Shells
Structural optimization of underwater vehicles is the subject of recent research. Sakthivel et al. (2011) Cylindrical shells are generally considered as axisymmetric models since the variations in the angular direction are neglected. Karim et al. (2008) Studied underwater vehicle for viscous drag by considering them as axisymmetric bodies. Since the shells do not contain any out-of-plane loads, plane stress condition can be assumed for the cylinder. 
Where, Q ij is the reduced stiffness coefficient, E 1 , E 2 , E 3 are elastic moduli in direction 1, 2 and 3 corresponding to x, y and z respectively,  12 ,  23 ,  31 are Poisson's ratios, G 12 , G 23 , G 31 are shear moduli in plane 12, 23 and 31.
The stiffness coefficient is related to the engineering constants through Equations (4) to (7):
Q 12 = (5)
For the plane stress condition σ 3 = 0, 23 = 0 and 31 = 0. Orthotropic properties shown in Table ( 4) are used in Equations (4) through (7) to calculate the values of stiffness coefficient Q ij. 
By substituting the values of principal stresses σ 1 and σ 2 in Equation (8) Von-Mises stresses as obtained are presented in Table 5 . For 10 mm thick shell as pressure increased from 2.5 to 11 MPa, the Von-Mises stresses increased by 155 %. At 11.5 MPa applied pressure there was sudden drop of 29 % in Von-Mises stresses as the vessel buckled at this pressure, Fig. 20 a) For 15 mm thick shell as the pressure increased from 2.5 to 16 MPa, the Von-Mises stresses increased by 349% and the shell was found be in the elastic limit as observed from Fig.  20 b) . 
Validation of Results
Validation of experimental and FEA strains
Critical buckling pressure predicted by FEA for 10 mm thick shell was 12.92 MPa whereas the experimental CBP was 12.0 MPa, which means a deviation of 7.12 % deviation from that of the experimental results because of the imposed boundary conditions, possibility of multiple configurations of the shell to deform around the buckling load and not accounting for initial imperfections in the shell in the Finite Element Analysis. Similar deviations are reported by Hur et al (2008) . Table 6 and 7 show the strains as a function of hydrostatic pressure obtained experimentally and by FEA for 10 mm and 15 mm thick shells respectively. The strains obtained from FEA results for 10 mm and 15 mm thick vessels were predicted with 1.71% to 32.9% and 0.96% to 13.28% deviations from the experimental strains respectively, as shown in Table 6 and Table 7 . The deviation was because experimental and FE buckling modes do not coincide with each other. Figs. 21 and 22 show good agreement of FEA strains with that of experimental strains except at a pressure of 115 bar for 10 mm thick vessel because during the experiment strains changed suddenly around the critical buckling pressure of 120 bar, but in FEA due to static analysis the cylinder does not fail at any pressure. Table 8 and 9 show the Von-Mises stresses as a function of applied pressure obtained analytically and by FEA for 10 mm and 15 mm thick shells respectively. The range of deviations between the stresses predicted by FEA and analytical approaches were 7.2 to 14.4 % for 10 mm thick shells. The corresponding values for 15 mm thick shells were 1.15 to 24.85 %. The analytical stresses were derived from the experimental strain data using reduced stiffness matrix. Experimental and FEA results cannot be directly compared because the buckling modes do not coincide with each other. Fig. 23 and 24 show the stress for 10 mm and 15 mm thick vessel respectively. 
Validation of analytical and FEA stresses
Conclusions
Buckling behaviour of filament wound cylindrical shells was investigated by experimental, numerical and analytical approaches. Based on the results, the following conclusions were arrived at:  Experimental critical buckling pressure of 10 mm thick shell of 825 mm length, 175 mm internal diameter, made of glass/vinylester was 12 MPa whereas that predicted by FEA using was 12.92 MPa, showing good agreement with each other. Strains as a function of varying hydrostatic pressure from 25 bar to 105 bar for the 10 mm thick shell were predicted by static buckling analysis of ANSYS with deviations ranging from 1.71% to 32.9% from the experimental strains. Highest deviation of 32.9 % occurred at 115 bar because at the onset of buckling, the strains increase significantly, which is predicted by the linear static buckling analysis of ANSYS.
 Von-Mises stresses at different applied hydrostatic pressures were predicted using RSM based on experimental circumferential and longitudinal strains. Von-Mises stresses predicted by FEA and RSM closely agreed with a maximum deviation of 14.4 % for 10 mm thick shell.
 Strains as a function of hydrostatic pressure from 25 bar to 160 bar for 15 mm thick, 175 mm internal diameter and 825 mm long shells were predicted by linear static buckling analysis of ANSYS with a maximum deviation of 13.28 % from the experimental strains. These shells were not loaded to collapse pressure due to the limitations in the tester.
 Von-Mises stresses as a function of applied pressure were obtained analytically and by FEA for the 15 mm thick shells with maximum deviations in the range of 1.15 % to 24.85 %. These stresses are derived from the experimental strain data.
